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ABSTRACT 

The possibility of discovering heavy Majorana neutrinos and lepton number violation 
via the like sign dilepton signal at hadron supercolliders is investigated. The cross-sections 
for the production of these neutrinos singly as well as in pairs are computed both in 
three and four generation scenarios within the framework of the gauge group SU{2)l Cg) 
U{1)y and the dominant processes are identified. The suppression of the Standard model 
background by suitable kinematical cuts is also discussed. 
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I. Introduction 



The present limits on the neutrino masses |l|] reveal that even if these masses are 
nonvanishing, they must be unnaturally small compared to the corresponding quark or 
charged lepton masses. An attractive solution to this naturalness problem was inspired 
by the "see-saw" mechanism with the assumption that the neutrinos are Majorana 
fermions. In a simple "see-saw" model with one generation of quarks and leptons, one 
obtains two massive Majorana neutrinos, v and A^, having masses rny ~ m\,/mM and 
rriN c::^ tum- Thus if the Dirac mass of neutrinos is of the order of a typical quark or 
lepton mass and the Majorana mass niM mo, then nii, can indeed be very small. 

Originally the "see-saw" mechanism was contemplated in the context of models 
(e.g. grand unified theories (Gf/T's) or left-right symmetric models 0) where the scale 
rriM is several orders of magnitude larger than the electroweak scale. In such models the 
heavy neutrino mass is much beyond the reach of the planned hadron supercolliders. Re- 
cently, however, simple extensions of the Glashow-Salam- Weinberg standard model (SM) 
with Majorana mass terms for the neutrinos have received much attention |3,|5|j6| JlO|JTl| . 
These models based on the gauge group SU {2)l®U{1)y and mA/ ~ 1 TeV, predict heavy 
neutrinos well within the striking ranges of S'5'C[| and LHC. In particular, the observa- 
tion of the spectacular lepton-number violating decays of the heavy neutrinos via the like 
sign dilepton (LSD) channel is of great experimental interest. 

The coupling of the heavy neutrinos with W, Z and Higgs {H) bosons are, how- 
ever, also naturally small. In an one generation "see-saw" model the suppression factor 

^ = mn/rriM turns out to be too small even for uim ^ ^ TeV, suppressing thereby the 
* After completing our work, we became aware of the disappointing news about the cancellation of the 
SSC project. However, our forthcoming analysis of the isolation of lepton-number violating signals from 
the SM background will show to be more relevant for the LHC collider. 
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production cross-sections of these neutrinos. It has, however, been pointed out that in 
reahstic three generation models, the neutrino masses are described by a 6 x 6 matrix and 
the simple suppression as mentioned above may not work |]6|,p!0|,|7[| . But there are stringent 



experimental bounds on these suppression factors from LEP data as well as from low 
energy experiments 0,^] which forces us to accept that this factor cannot be very large. 

The purpose of the present work is to study the feasibility of observing the LSD 
signals at LHC and SSC by taking the most recent bounds on the mixing angles into 
account. In Section II we estimate the cross sections for the production of heavy Majorana 
neutrinos singly as well as in pairs, via all possible channels. We then compute the 
cross section for the LSD signal (using a parton level Monte Carlo calculation) for the 
dominant process, which turns out to be pp W* INX, followed by the lepton number 
violating decay of the heavy neutrino A^. The kinematical cuts required to suppress the 
SM backgrounds arising primarily due to heavy flavour production followed by cascade 
decays are also discussed. 

The neutrino counting at LEP strongly suggests that there are only three light 
neutrinos within the framework of the SM. In an attempt to demonstrate that the 
existence of a fourth family still remains a viable possibility, it was shown that one can 
construct a simple extension of the SM with two naturally heavy Majorana neutrinos 
belonging to the fourth generation ||5[ . It was subsequently pointed out that the coupling 
of these new neutrinos with W, Z and H are also naturally large As a result these 
neutrinos can be copiously produced at hadron colliders. Production cross sections for 
heavy Majorana neutrino pairs were calculated and they were found to be rather large 
The number of LSD^s was also estimated qualitatively. 

In Section III we shall take up the question of producing the LSD signal in the 
context of the above four generation model in further details. The SM backgrounds and 
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the relevant kinematical cuts required to suppress it is also discussed. Our conclusions 
will be summarized in section IV. 



II. LSVs in a three generation model 



II.l The model 



Adopting the notation of Ref. |T^, the relevant interaction Lagrangian involving 
charged current is given by (summation convention implied) 



'-'int 



9w 
V2 



H.c. 



where Pl = (1 — 75)/2, Qw is the coupling constant of SU(2)l and /, z/, and W are 
respectively the lepton, light neutrino, heavy neutrino and the W-boson field. The latin 
indices i, j, etc.= 1, . . . ,nG, where uq denotes the number of generations, are used for 
charged leptons and light neutrinos, while the greek indices a, /?, etc.= no + I, ■ ■ ■ , 2nG 
indicate heavy Majorana neutrinos. The neutral current interaction is given by 



int 



9w 



4 COS u\\r 

+ {z/i7^(zImCia - 75ReCia)A'o + if.c.j 
+ iV„7^(iImC^^ - 75ReC„^)iV/3 . 



(2) 



B and C in Eqs. (1) and (2) are ucX'inG and 2nGx2nG dimensional matrices, respectively, 
which obey a number of useful identities. More details can be found in p!0|JTl[] . For 
our purpose it is sufficient to remember that the coupling matrix is 0{^) while the 
matrix Cap is O('C^). It is, therefore, clear that the Z-mediated pair production of heavy 
neutrinos are more severely suppressed compared to the W-mediated Nl production due 
to (i) phase-space suppression and (ii) a smaller mixing angle. 



The interaction of the Majorana neutrinos with the Higgs boson is governed by the 
Lagrangian 



pH-UM~UM _ 3W TT 

iw 



(3) 



where ma {iTLi) stands for the mass of the ath (zth) heavy (hght) neutrino. It is clear 
from Eq. (3) that the couphng of the heavy neutrinos with the Higgs boson will be 
enhanced by a factor rria/Myy. But a similar enhancement also works, up to a different 
75 structure, for the couplings of these Majorana neutrinos to the longitudinal Z boson 
or the would-be Goldstone boson z in the Feynman-'t Hooft gauge [|TU|. Therefore, apart 



from the resonance enhancement that the production of a heavy on-shell Higgs boson and 
its subsequent decay into a pair of heavy neutrinos may introduce, a priori there is no 
obvious difference in the coupling strengths of the Higgs mediated and the Z-mediated 
processes. 

The bounds on the mixing angles are given in Ref. using both LEP results and 
low-energy constraints. For definiteness, we have have used the following upper bounds 
from the joint fits of 0: 

{sl^f < 0.01, (4) 
{sin' < 0.01, (5) 
{sin^ < 0.065 . (6) 

It should be noted that these limits are obtained under the assumption that each lepton 
e, fi or T couples to only one heavy neutrino with significant strength. However, in the 
notation of eq. 1 we can make the following identification |^ 

{sir = y:\Bio.\'. (7) 



Since r lepton identification may be rather complicated in hadron supercolliders, we re- 
strict our analysis to LSD pairs of the types: e+e+, e^e~, n'^^'^, A*"/^", e"'"/^"'" and e~/x" 
and will probe the prospects of observing lepton-number violation, after isolating the 
background. On the other hand, the LSD signal comprising of stable leptons which origi- 
nates from equal-sign r leptons will eventually be diluted by the small leptonic branching 
ratio of r. 



II. 2 The cross sections 

The lepton-number violating LSD signal may potentially arise due to the following 

processes (see Figs. 1-3): 



A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 



pp 

VP 
pp 
pp 
pp 
pp 
pp 
pp 



W*W* II , 
W* ^ IN^ , 
W*Z* IN^ , 

Z* ^ N^Np , 

W*W* N^Np , 

Z*Z* ^ No^Np , 

gg ^ H\ Z* ^ N^Nfi 



The relevant differential cross sections [dcjA/di — duH/di) for the parton subscatterings 
are listed below 

n 2 



da A _ 7^aw\Bfa\^ i^l - ^If 



dt 

d&B 
di 



4s 



t 



+ 



u 



(i - ml) (i - m}) {u-ml){u- m|) _ 



12^2 {§ - M^y ' 



,(8) 



(9) 



da. 



c 



dt 



w 



\BipCpo 



m 



N 



2P 



s — m% t{t — 3171%) 



^ + 



m 



N 



m 



2 \2 

n) J 



(10) 



da 



D 



dt 



N 



2P 



1 + 



s — m 



N 



(11) 



dt 



daE _ 7ra^|C«/jP {gVf + {g\f 



s + t-m%Y + {t-m%Y - 2m%s , (12) 



dap 
di 



w 



m 



N 



- 1 - 



2s2 

1 



Ml 



Mlis 



4m^) 



m 



N 



+ 



S[S 



2m%) 



2ut 



m 



N 



t2 



+ 



m 



N 



+ 



2Ml{s - Ml] 



{s - MlY + MlVl 



' m%{s - 2m%) 
ut 



- 2 



(13) 



dag _ TTQ^ICQ/gl 
di ~ 



m 



N 



2P 

m\{s - 2m%) 
2ui 



Ml 



__ Ml{s-4m%) 
m% {s-MlY + MlTl 



+ 



(14) 



dan _ m% 
di ~ 11527rs M,i 



with 



9 ■ -^Z/'^t m2 



W 



s ^' {s - Mjjf + MlVl ^ 4 ^ s 



F"{x)^3x\2 + {Ax-l)K"{x) 



K"[x) = e{l-Ax)- 



/i+^/r^\ . 
1 1- v^r^^y 



- ^(4x-l)2 



sm" 



and 



ii'^(x) = ^(l-4x)4x 



- e{Ax-l)Ax 



cosh ^ 



— + ZTT cosh ;= 

4 l,2v/^, 



sm" 



,(15) 



In Eqs. (8)-(15), s, t, m are the relevant Mandelstam variables defined at the subprocess 
level, Th is the total width of the Higgs boson, and gy — —T^-\-2QqS^, g\ — —T^, where 
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the third component of the weak isospin of the M(c?)-type quarks and the corresponding 
electric charge of them Qg (in units of |eem|) are respectively given by T;^'^) = +(-)l/2 
and Qu{d) = 2/3(— 1/3). Furthermore, Eqs. (8), (10), (11), (13), (14) have been computed 
using the equivalence theorem. This simplification occurs at high energies (i.e. ^ Mw) 
where one is allowed to substitute the vector bosons Wl and by the corresponding 
would-be Goldstone bosons w and z in the Landau gauge and take the limit gw ~^ by 
keeping g]Y/2M\Y = 1/v fixed. This approach shown in Figs. 1-3 gives reliable results for 
heavy fermions with masses m^r ^ Myy [|1^]. In the context of three generation models, 
one can further simplify the calculations by assuming that the mass difference of each pair 
of heavy neutrinos, e.g. and N/^, is very small compared to the masses rria and m^, i.e. 
rria, Tnp ~ ttt-at. The above approximation has explicitly been employed in Eqs. (9)-(15). 

We have calculated the cross sections for the positively charged LSD pairs arising 
from the pp process by using the parton distribution functions of Ref. |13|, rrit = 150 GeV 



and Mh = 200 — 1000 GeV. The heavy neutrino masses are kept as free phenomenological 
parameters. Then, the total cross sections for the processes (B)-(C) given above are 
evaluated by using the generic formula 



where (j° = d-/\Bia\'^ and 



= E E '^"'''^'^"i' - (17) 



lilj=e,fj, 



E \^lma\ 



In models with three families, one can use the identity that Caa = J2i I-B^qP and the fact 
that iBral"^ / Caa < 1 to obtain a reasonable upper bound of 

42 < {str + {sin' , (18) 

where the subscript 3G denotes three generations. 



For the processes (E)-(H) one uses the more involved convoluting integral similar 
to Eq. (16) 

nN,^l,q,q',) ' ^''^ 
where (T° = cr/ICa/jp and 



^(,) = ^ ^ IP 2,^12 • (20) 

lilj=e,ii al3 |-D«ma| |-D«fc/3| 

Imlk 

Eq. 19 is only valid if LSD's of both charges are considered. Using similar assumptions 
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and Schwartz's inequality, i.e. C^aCpp > \Cap\ , one arrives at the simple result 

4S < (isi^r + isin'Y. (21) 



The processes (A), (C), (D), (F) and (G) have been computed by using the effective 
vector boson approximation (EVBA) |T^. As we are interested in producing heavy 
neutrinos with masses mj\f > 200 — 300 GeV, being equivalent with a threshold invariant 
mass of V ^thr > 400 — 500 GeV (without including kinematical cuts relevant for the SM 
background), it has been demonstrated in [|l^ that EVBA can safely be applied by only 



using the distribution functions of the longitudinal vector bosons. Furthermore, adapting 



the numerical results of |T6|, one can readily see that the subreaction Wl'J — INa will 
dominate for large fermion masses (m^v > 200 GeV) by a factor of 10 at least against 
other subprocesses of the type, e.g., WlZt, WtZl, WtZt — > INa etc. 

Our results are summarized in Table I. In consistency with what has been discussed 
before, we find from this table that only processes (B) and (D) can have sizable cross 
sections, i.e. sufficiently large to yield observable LSD signals at LHC or SSC. The 
process (A) [|T^], though free from background sources, is, however, suppressed by an 
additional factor R^^q — 10"^. In the next subsection we shall calculate the LSD cross 
sections and compare them with the SM background. 
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II.3 The LSD signal from pp ^ W* ^ IN^ and the SM back- 
ground 

From Table I one easily concludes that the dominant contribution to the LSD signal 
comes from pp W* — INa and pp W*''y* IN a- However, the cross sections for the 
latter process is based on the EVBA. Being conservative we have not included this process 
in our analysis . The numerical estimate presented in Table I for this process indicates 
that this exclusion is not likely to alter our conclusions at the order of magnitude level. 

As has already been discussed in Ref. [^], the dominant SM background arises 
from the ti production: 

pp ^ tt ^ {bl+iyi){bqiqj) ; b Z+z/^c . (22) 

where q^qj are the quarks u, d, s or c in appropriate combinations. It is also important to 
notice that the background from cc, bb pairs or from — mixing will be more severely 



suppressed by the lepton isolation cut (see Ref. [|T^] for more details). We have, however 



updated the analysis of Ref. |TB[ by using the parton density functions of Ref. 

The signal can, in principle, be distinguished from the background by the following 
criteria: 

i) The characteristics of the dilepton pairs {pt distribution, invariant mass etc.) 

ii) The characteristics of the jets in the final state. For example, at the parton level the 
number of jets in the final state is two (four) for the signal (background). Any conclusion 
based on this without taking jet fragmentation etc. into account, however, may turn out 
to be misleading. Since all calculations in this work are based on a parton level Monte 
Carlo, we shall not use the specific features of the jets. 

iii) The signal involves only visible energy while the background has missing px due to 
the presence of stable neutrinos in the final state. However, the missing p^ spectrum (see 
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Fig. 4), as expected, is not very hard due to the neutrinos arising from b decay. To what 
extent this missing can be utihzed in distinguishing the signal from the background, 
depends crucially on the accuracy in measuring the total pt in the final state. There is 
no clear information on this point at the moment. 

We have, therefore, based our analysis of improving the signal to background ratio 
by solely using the characteristics of the dilepton pairs. In any case, the simultaneous 
exploitation of all the three kinematical features listed above can only strengthen our 
conservative conclusions regarding the feasibility of observing the lepton number violation 
at hadron colliders. 

As is well known the small mass of the bottom quark relative to the large px of 
the decay lepton ensures that the lepton emerges together with the decay hadrons within 
a narrow cone [0, while the leptons arising from the semileptonic decay of the heavy 
neutrino or the top quark are well isolated. Hence, the background coming from the decay 
sequence in Eq. (22) can be suppressed by a suitable lepton isolation criterion 

E'^c < 10 GeV, (23) 

applied to both leptons appearing in the final state. Here E'^q represents the total trans- 
verse energy accompanying the lepton track within a narrow cone of half angle 0.4 radian. 

Fig. 5 shows the signal and the background cross sections against pt2, the transverse 
momentum of the softer lepton. In addition to the above isolation cut, pt cuts pt2 > 
20 GeV and pxi > 40 GeV has been applied, where pxi is the transverse momentum of 
the harder lepton. 

It was pointed out in that the isolation cut becomes more effective with in- 
creasing pt2. This is reflected in Fig. (5) where the background cross section goes down 
drastically by increasing the pt2 cut. It was, however, observed in Ref. [|18| that this 



dramatic reduction (obtained from a parton level Monte Carlo) may not be completely 
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realistic due to effects like jet fragmentation. A detailed study of the combined effect of 
the lepton px cut and the isolation cut on the background using the ISAJET program 



was carried out in Ref. The main result of Ref. |^ was that for the isolation cut of 
E'^q < 10 GeV, a kinematical cut > 80 GeV suffices to kill the background completely. 

Since the background can be eliminated, the prospect of detecting lepton-number 
violation at hadron colliders is essentially governed by the size of the LSD signal. This 
signal crucially depends on the magnitude of the mixing- angle quantity R^q and rriN. 
Using the kinematical cuts E^^ < 10 GeV, pt2 > 80 GeV, the present conservative upper 
bound on R^q ~ 0.02 and an integrated luminosity 4 x 10^ pb^^/yr for LHC, we obtain 
the following results: 

ruN [GeV] No of LSD's 

200 48 

(24) 

300 32 

400 16 
If LSD's of both signs are considered the numbers in the left column will be multiplied by 
a factor of 1.5 (approximately). We remind the reader that in reality signals larger than 
the above conservative estimates may be obtained if a) I-B^qP happens to be somewhat 
larger; as has already been mentioned, this possibility is not totally excluded by the data, 
if the possibility of accidental cancellations is taken into account |^J^ b) contributions 
from pp —>■ W*'~f* INa are included (a detailed calculation without using EVBA is, 
however, desirable) c) the kinematical cuts used in computing the cross sections can be 
somewhat relaxed by exploiting other characteristics (see (ii) and (iii) above) in separating 
the signal from the background. On the other hand, should (and R^^q) happen to 

be much smaller than the existing bound, the LSD signal may remain elusive at hadron 
colliders. 

The situation at SSC, however, is inconclusive at the moment. The cross sections 
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happen to be larger typically by a factor 2 to 2.5 for parameters and kinematical cuts 
as given above. This enhancement is not adequate to compensate for the much smaller 
integrated luminosity (10^ pb~^/yr). Detailed analysis of all the avenues for enhancing 
the signal as listed above is, therefore, called for. In any case, this is also desirable in 
order to assess the feasibility of probing larger neutrino masses at the LHC. 



III. A four-generation model with heavy Majorana 
neutrinos 



III.l The model 



It was emphasized in [|| that the model in Ref. predicts large couplings of heavy 
Majorana neutrinos belonging to the fourth generation with Z and H bosons. Hence, the 
production cross section of these neutrinos, here-after denoted by v and A^, are expected 
to be rather large at hadron colliders. 

The Hill-Paschos scenario^ |^ is based on the assumption that the 4x4 mass matrices 
mr) and tum are simultaneously diagonalizable and rriM = MqI lies at the electroweak 
scale, i.e. 0.1 — 1 TeV. Then, instead of considering a 6 x 6 mass matrix, one is left with 
a 2 X 2 matrix of the form 



Mr 



( n \ 

mn ' 



(25) 



y rriD, Mq j 

where the index i runs over all generations. It is obvious that this scenario corresponds 
effectively to an one-generation model, where the other generations are replicas. Of course. 



*This scenario also predicts Majoron fields, whose couplings to fermions may violate astrophysical 
constraints p^ . However, if muij are bare mass terms in the Lagrangian or the gauge group of the SM 
is extended by an extra hypercharge group, C/(1)y', Majorons will be completely absent in the theory. 
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the heavy neutrino masses referring to the fourth generation, which are given by 

1 



{rriN) = - {^J + AniD, - (+) Mq) , (26) 

should have a mass larger than Mz/2 in order to be consistent with the LEP data on 
neutrino-counting experiments. This can easily be achieved if the naturalness condition 
'f^Di = ^i^ii is assumed (motivated also by certain GUT scenarios 0), where m^- is 
the mass of the ith charged lepton and the constant si is 0{1). For the first three 
generations rriOi Mq and the light neutrinos do not violate the experimental upper 
bounds Nevertheless, the situation becomes different for the fourth generation. The 
fourth charged lepton E should be rather heavy for phenomenological reasons and may 
have a mass rriE (— moi) comparable to Mq. Then, both the neutrinos belonging to this 
generation, i.e. u and A^, can be quite heavy so as to naturally escape detection at LEP 
experiments. 

Since the lepton mixings can effectively be recovered from the case = 1, one 
has simply to make the following replacements in the differential cross-sections given by 
Eqs. (8)-(15): 

Bla Bi^ or Bin and Ca(} C,,^ or Cnn- (27) 

Furthermore, the mixings C,^i, and Cnn are related with the physical heavy neutrino 
masses as follows: 

Cpu = ; , Cnn = — • (28) 

niy + ttln rriu + ttln 

Finally, contributions of 4th generation quarks to the loop functions and F^ in Eq. (15) 
should also be considered. Moreover, the possibility of a rather significant modification 
of Th due to additional decay channels that can open should be taken into account in the 
production process (H). 
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III. 2 The LSD signal and the background analysis 



The LSD cross sections in this model crucially depends on the relative magnitudes 
of m^;, my and m^v- Accordingly one can consider three different possibilities but the 
dominant contribution to the LSD signal arises from the single or pair production of the 
z/'s and especially if my < uie- 

After making the replacements as pointed out earlier in Section III.l, one finds for 
the cross section of producing positively and negatively charged LSD's from the process 
(B) that 



Thus, we can readily conclude that an analysis similar to Sections II. 2 and 11.3 should 
apply to this case and therefore we do not intend to repeat here, too. This also tells 
us that LSD signals coming from the ly-mediated process cannot definitely address the 
question about the number of neutrino generations. 

We next consider the LSD signal from z/-pair production. The dominant process will 
be the reaction (H). As already discussed in 0, the reason is that the quark- annihilation 
scattering is s-channel suppressed relative to (H). On the other hand, the presence of heavy 
quarks in the triangle graph g—g—H enhances coherently the Higgs-exchange cross-section 
by a factor of 9 if all three heavy quarks are degenerate. Since the fourth-generation up- 
type quark T and the corresponding down-type one B should almost have equal masses 
because of constraints resulting from the p-parameter or from electroweak oblique param- 
eters [0], the contribution of this additional weak isodoublet to the loop function will 
generally be small. 

The relevant parameter R^"^^ defined in Eq. (20) turns out to be 

j(2) _ 1^ |2 KWeuV + W^uVr ^ 



i\Beu\ 


^ + 


\B^u\ 


2^2 


i\Beu\ 


P + 


\BpLu\ 


2 + 


\Btu\ 


2~)2 
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(2) 

In fact, there is no strong upper bound on the parameter R\g, which can approach the 
unity for rriTv ^ rn^, ||2^. This is a quite remarkable observation if one compares with 
numerical results presented in Table I for three-generation models which are suppressed 
by an additional lepton-violating-mixing factor (0.02)^ = 4. 10~^. 

As an illustration we have considered the following values for the parameters: Mq = 
100 GeV, niE = 320 GeV and e = 0.75. This yields = 195 GeV and m^v = 295 GeV. 
We then compute the LSD cross section (including like-sign e and /x's of both charges 
in the final state) subject to the kinematical cuts on the leptons discussed in Section 
III. 3 which suffice to remove the background from ti production. We have also taken 
rriT ~ = 400 GeV. The additional decay modes of the Higgs boson leading to a 
modification of Th, as discussed above, have also been taken into account. The results 
for LHC (SSC) energies for various Higgs masses {M^) are displayed in Table Ila (lib). 

Table Ila 



Mh [GeV] 
200 
400 
600 
800 
1000 

Mh [GeV] 
200 
400 
600 
800 
1000 



No. of events/year 



8600 X R 



(2) 
AG 



13300 X R 



34000 X R 



17300 X R 



(2) 
4G 

(2) 
AG 

(2) 
4G 



(31) 



Table lib 



7200 X Rf(l 



No. of events/year 



1150 X R 



2000 X R 



4200 X R 



2600 X R 



1050 X R 



(2) 
AG 

(2) 
AG 

(2) 
AG 

(2) 
AG 

(2) 
AG 



(32) 



16 



Thus, even with u^q ^ 10^^ a reasonable number of background- free events may be 
expected at LHC. At SSC, on the other hand, a value of R^^q ~ 10^^ may yield an 
observable LSD signal. The enhancement due to the on-shell production of the Higgs 
boson and its subsequent decay into u pairs, as discussed in Ref. 0, can be traced back 
from the above tables. 

In principle, the background arising due to LSD pairs from TT, BB production 
followed by cascade decays similar to Eq. (22) should also be considered. In the absence 
of any information about the partial decay rates of T and B a complete analysis cannot 
be made. However, the following arguments will convince the reader that a substantial 
background from this channel is not likely to occur: 

i) The production cross section of TT and BB are much suppressed compared to tt 
production. For example, with rrit = 150 GeV, mr ^ niB — 400 GeV, we have estimated 
that (Trpf/(Ttt — 10~^ at LHC energies. 

ii) As a plausible scenario we have assumed that Br(T B -\- X) ~ 1 and Br (5 
t + X) ~ 1. The LSD signal may then arise through the decay chains 

T Bl^vi and 
f ^ BX] B tl+ui 

Since the mass difference between T and B cannot be very large for reasons mentioned 
above, simple decay kinematics will indicate that both the leptons are soft and are not 
likely to survive the stringent px cuts which are, in any case, required to eliminate the 
background from tt pairs. Our Monte-Carlo calculations using rriT = 400 GeV, = 
360 GeV and = 150 GeV and kinematical cuts as discussed in section II supports this 
conclusion. 
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IV. Conclusions 



In this paper we have studied both three and four generation models with heavy 
Majorana neutrinos, based on the gauge group SU{2)l ® U{1)y- We have computed all 
possible cross-sections for the production of such neutrinos, cither singly or in pairs, using 
parton level Monte Carlo. Our calculations reveal that in the three generation model the 
dominant cross-section is given by the processes (B) and (D) of section II where heavy 
neutrinos are singly produced in association with a lepton. Lepton number violation 
arising through the decays of these neutrinos can be detected at the LHC by looking 
for high pt LSD pairs {pr > 80 GeV) provided certain mixing angles are not too small 
compared to their existing upper bounds and the mass of these neutrinos are < 400 GeV. 
A similar analysis reveals that the isolation of a background free sample of dileptons at 
SSC is not very likely by looking for high pt leptons only. In order to do this or to probe 
larger mass ranges at LHC other features of the signal (e.g., the characteristics of the 
jets) should be properly utilized. Further studies taking effects like jet fragmentations 
into account are, therefore, called for. 

Calculations in the four generation model reveal that the pair production of these 
neutrinos through the processes (H) given in section 11 may also turn out to be the most 
dominant source of LSD^s. This cross section is not suppressed by any small mixing 
angles but rather depends on the ratio of certain mixing angles. No strong bound on this 
ratio exists at the moment. Sizable background free LSD samples observable at both 
LHC and SSC are predicted in this scenario. 
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Figure Captions 



Fig. 1: Feynman graphs responsible for the subprocess (A): WlWl — > I'^l'^ . 

Fig. 2: Feynman graphs relevant for the singly heavy Majorana neutrino produc- 
tion, i.e. processes (B), (C) and (D) (see also text). 

Fig. 3: Feynman diagrams relevant for double heavy Majorana neutrino production 
as described by the processes (E)-(H) in Section II. 2 

Fig. 4: Missing transverse momentum distribution of the SM background (see also 
Eq. (22)). 

Fig. 5: Transverse momentum distribution of the softer lepton pt2 coming from the 
SM background. For comparison, we have considered the pt2 distribution 
of the LSD signal which predominantly originates from the process (B). 
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Table I. Numerical estimates of production cross sections for the processes (A)-(H) 
leading to LSD signals in the context of three-generation models. 





mjv = 200 - 1000 GeV 


mjv = 200 - 1000 GeV 


Process 


LHC (v^ = 16) TeV 


SSC (Vi = 16) TeV 




CTtot [pb] 


(^tot [pb] 


A. 


< 5. 10-2 X i?W2 


< 1. 10-1 X i?«2 


B. 


1. - 2. 10-3 X 


15. - 3. 10-2 X i?(i) 


C. 


small, 0{R^^^^) 


small, 0(i?(i)3) 


D. 


3. 10-3 X i?W 


4.5 10-2 X i?W 


E. 


5. (10-4 - 10-6) X i?(2) 


(10-3 - 10-5) X i?(2) 


F. 


(2.5 10-4 - 5. 10-3) X i?(2) 


(3. 10-3 - 8. 10-2) X i?(2) 


G. 


(2. 10-4 - 4. 10-3) X i?(2) 


(2.5 10-3 - 7. 10-2) X i?(2) 


H. 


5. (10-3 - 10-5) X i?(2) 


4.5 (10-2 - 10-4) X i?(2) 
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